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ABSTRACT: In the preparation of polymer/montmorillonite (MMT) nanocomposites, the commonly used compatibilizers (cations of

long carbon-chain alkyl ammonium salts) present the drawback of a poor thermal stability. During bulk processing of nanocompo-

sites elevated temperatures are usually required and, if processing temperature is close to decomposition temperature of the surfac-

tant, decomposition will occur altering the interface between filler and polymer. To solve this problem, organically modified MMTs

with thermally stable imidazolium surfactants have been prepared. A series of nanocomposites were obtained by dispersing o-MMT

in poly(methyl methacryate) (PMMA) matrix via an in situ free radical polymerization. The nanocomposites were characterized by

X-ray diffraction, transmission electron microscopy, gel permeation chromatography, thermogravimetric analysis, dynamic mechanical

analysis, and nanoindentation measurements. The results showed that nanocomposite thermal stability depended on both the kind of

used surfactant and degree of exfoliation. Under the same values of molecular weight, the nanocomposites containing imidazolium

cations showed a better thermal stability with respect to the nanocomposite obtained using a standard alkylammonium surfactant.

Dynamic mechanical and Nanoindentation measurements showed an improvement of mechanical properties, such as modulus and

hardness, with respect to pure PMMA. Solution blending treatments on these nanocomposites led to obtaining of further improve-

ment of the thermal performance. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41393.
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INTRODUCTION

During last decades, much researcher attention has been

directed to the study of polymer/phyllosilicate nanocomposites.

In these materials, the nanometric dispersion of low amounts of

silicate determines interesting enhancements of mechanical,

thermal, and flame retardation properties. Such enhancements

depend on the dimension and on the degree of dispersion

(exfoliation) of silicate layers.1–6

The clay platelet nanometric dispersion into the polymeric

matrix reduces the mobility of the macromolecular chains

inducing an appreciable reinforcing effect, while the high inter-

face area makes possible an efficient stress transfer from the

matrix to the filler with the consequence of enhancement of

mechanical properties such as Young’s modulus and toughness.

Besides to these beneficial effects a drawback emerged regarding

the UV photostability of these nanocomposites, and we have

demonstrated that the degree of exfoliation negatively affects

the UV photostability of polymer/clay nanocomposites.7

One of the most used phyllosilicates in nanocomposites is

montmorillonite (MMT). Each MMT layer is 1 nm thick while

lateral dimensions can vary from 300 Å to several microns. The

polymer/MMT nanocomposites may show an intercalated struc-

ture in which MMT layers are well ordered and polymer chains

are inserted into the gallery space of the silicate.8,9

When individual silicate layers are no longer close enough and

are homogeneously distributed in the polymer matrix there is

an exfoliated (or delaminated) structure. Exfoliation ensures the

higher nanocomposite performances.

During preparation of this kind of nanocomposites, the MMT

organic modification is a crucial step. In fact, interactions

between polymer matrix and clay platelets determine the possi-

bility of obtaining exfoliation. For this reason, the first step is

to modify the platelet surface using cationic surfactants able to

enlarge the distance among MMT layers ensuring a good inter-

facial interaction with polymer matrix. Moreover, because high

temperature is reached during processing, the thermal stability

of the organic surfactants plays an important role. It is well

know that commonly used organomodification agents (long

carbon chain alkyl ammonium salts) undergo to Hoffman deg-

radation10 in the range of 150–300�C, and show a poor thermal

stability.
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Imidazolium cations, because of charge delocalization, present a

higher thermal stability, and then can promote a higher thermal

stability of the whole nanocomposite. In the literature, there are a

large number of studies on the modification of MMT with imidaz-

ole surfactants and their use for the preparation of polymer nano-

composites.11–23 The use of these surfactants allows to significantly

improve the thermal stability of the organically modified clay thus

allowing the possibility of achieving higher process temperatures.

In last years, there has been interest on poly(methyl methacrylate)

(PMMA)/clay nanocomposites and many papers have appeared

in the literature most of which try to study how to improve the

performance of the systems.22,24–33

Despite the high number of studies on these topics, to the best of

our knowledge, only recently a study has been presented on the

preparation of PMMA clay nanocomposites in which the organic

modification of the clay was carried out using an imidazolium

surfactant.22 In this study, the used modifier is an imidazolium

cation having in its structure an alkyl chain of 12 carbon atoms

(1-dodecyl-3-methylimidazolium hexafluorophosphate). It is

known that the length of the alkyl chain affects the degree of clay

exfoliation in the nanocomposite and then we decided to study

the effect of using MMT organically modified with imidazolium

cations having longer alkyl chains (C16 and C18) with the pur-

pose of obtaining an improvement of the thermal and mechanical

performance of PMMA. In this article, we describe the prepara-

tion and the characterization of a series of PMMA/o-MMT nano-

composite where the o-MMTs were prepared via ion exchange

reaction using thermally stable functionalized imidazolium salts

(C12, C16, and C18—Scheme 1) that have in their structure a vinyl

group. Such functionalization can promote delamination.34,35

The PMMA/o-MMT nanocomposites were obtained via in situ

free radical polymerization of methyl methacrylate (MMA)

monomer in the presence of organomodified MMTs (C12, C16,

and C18/MMT) and 2,20-azobis(isobutyrronitrile) (AIBN) as ini-

tiator. In the second stage, some of the obtained nanocompo-

sites have been solubilized in tetrahydrofuran (THF) and

precipitated in water. The aim of this treatment has been to

obtain a higher degree of exfoliation exploiting the fact that sol-

vent molecules, because of the organophilic nature of the sur-

factants, inserting among the gallery spacings disrupt the

registry between the clay layers. The nanocomposites were char-

acterized by X-ray diffraction (XRD), transmission electron

microscopy (TEM), gel permeation chromatography (GPC),

thermogravimetric analysis (TGA), dynamic mechanical analysis

(DMA), and nanoindentation measurements.

EXPERIMENTAL

Materials

The chemicals used in this study were acquired from Aldrich

Chemical. The MMT (Na/MMT) is a fine powder with a parti-

cle size of 10–15 mm in a dry state and a cation exchange

capacity of 100 mEq/100 g. MMA monomer was purified using

an inhibitor removal column, also acquired from Aldrich. AIBN

was purified by crystallizing twice from dry ethanol at tempera-

ture less than 40�C and out of direct light.

Instruments

Thermal degradations were performed in a Mettler TA 3000

thermogravimetric analyser coupled with a Mettler TC 10A

processor. Degradations were performed in the scanning mode,

from 30�C up to 900�C, in both flowing nitrogen (0.02 L/min)

and in static air atmosphere, at heating rate of 10�C/min.

The molecular weight results were determined using an HP

1100 GPC instrument, equipped with a refractive index detec-

tor, operating at 30�C, using THF as carrier at a flow rate of

1 mL min21. Separations were accomplished using a PLgel 5

mm mixed-D column connected with a PL gel 5 mm 500 Å col-

umn (Polymer Labs). The measurement utilized a refractive

index detector and toluene as internal standard. Solution con-

centrations were 2 mg/mL in THF; they were filtered through

0.45 mm PTFE membranes and injected into the columns in 20

mm aliquots. Calibration was performed using narrow polydis-

persity polystyrene standards in weight average molecular

weights in the range 2500–400,000 Da.

XRD measurements were recorded on a Bruker-AXS D5005

h2h X-ray diffractometer, using Cu Ka radiation operating at

20 kV and 30 mA.

Sample for TEM analysis were prepared using an ultramicro-

tome and placed on a 100 mesh copper grid for analysis. The

TEM investigation was performed on a Jeol JEM 2010 operating

at an acceleration voltage of 200 kV.

Films of the samples with a thickness of 100 mm were obtained

by means of a Gradeby Specac P/N15800 press, heating the

material, reduced to powder, at 170�C for 2 min and then

applying a force of 2 tons per another 2 min.

DMA was conducted, using a DMA TRITEC 2000, using a ten-

sile configuration on the test specimens (films with thickness of

about 100 mm). The tests were performed by applying a 10 Hz

frequency, in a temperature range from 25 to 145�C with a

heating rate of 5�C/min and with an amplitude of the stress of

0.01%.

Nanoindentation measurements (Nano Hardness Tester, CSM

Instruments SA) have been performed with a diamond Berko-

vich indenter. For the evaluation of the load/displacement

curves, the method of Oliver and Pharr has been used at a pen-

etration depth of 0.5 mm, thereby assuming a Poisson’s ratio of

0.3. For each sample, a number of indentations have been per-

formed at different positions; if not indicated otherwise, the

results given below are the averages.

Scheme 1. Structure of C12, C16, and C18 cations used to organic modification of MMT.
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Synthesis of Imidazolium Salts

The synthesis and the characterization of the imidazolium salts

are described in our previous work.13

Preparation of o-MMT

An aqueous suspension of 2.088 g of prewashed Na/MMT in

200.0 mL of deionized water was added to a solution obtained

dissolving 2.506 mmol of imidazolium salt in 10.00 mL of a 50

: 50 mixture of ethanol and deionized H2O at 50�C. After the

solution was stirred in inert atmosphere for 6 h at 50�C, the

white powder was filtered, washed several times with a mixture

of ethanol, and deionized water until no bromide ion could be

detected by an AgNO3 aqueous solution, and then dried in a

vacuum oven overnight at room temperature.

The organomodification of clay with octadecyltrimethylammo-

nium bromide (ODTA) was carried out using the same proce-

dure described above with the exception of the solvent. In this

case, deionized H2O was used.

Preparation of PMMA/o-MMT Nanocomposites by Bulk

Polymerization (BP)

As a typical procedure for the preparation PMMA materials via

in situ free radical polymerization, an appropriate amount of

organophilic clay, calculated by 3 wt % (0.3600 g) with respect

to MMA was thoroughly dispersed in 12.00 g of MMA mono-

mer. First, the suspension was stirred at room temperature

under flowing N2 gas until it became homogeneous (7 h), then

it was sonicated for 1 h; finally 0.0600 g (0.5 wt %) of AIBN

initiator was added to monomer clay mixture. The tube was

degassed by three freeze-thaw cycles, sealed at 0.01 mmHg, and

placed in a constant temperature bath at 60�C for 16 h to

obtain PMMA/clay nanocomposites. A bulk polymerization of

PMMA was carried out at the same condition used for the

nanocomposites except for the absence of the clay.

The samples used for GPC measurements were obtained as fol-

lows: the nanocomposites were extracted using toluene at room

temperature and repeatedly filtered, to ensure the removal of the

clay. The PMMAs obtained by precipitation in methanol were

used to prepare the solutions.

Preparation of PMMA/o-MMT Nanocomposites by

Solution Blending (SB)

Nanocomposites obtained by in situ polymerization have been

solubilized in THF, precipitated in water, washed with petro-

leum ether, and left in vacuum oven for 12 h at 40�C.

Figure 1. (A) XRD patterns of pristine and o-MMTs; TGA (B) and DTGA (C) curves under static air atmosphere of ODTA/MMT, C18/MMT, C16/MMT,

and C12/MMT.
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RESULTS AND DISCUSSION

The crystal structure of MMT consists of two-dimensional

layers with adsorbed exchangeable alkali or alkaline earth cati-

ons. The layers are formed by fusing two silica tetrahedral sheets

to an edge-shared octahedral sheet of aluminum hydroxide.

During the cationic exchange process, the organic cations

(ODTA, C12, C16, and C18) penetrated the interlayer space,

replacing the alkaline cations. The interlayer d� spacings were

determined by wide-angle powder XRD and calculated from

Bragg’s law: d�5 k/(2sin h) at peak position. All of the o-MMT

had larger d�-spacings than pristine MMT due to the larger vol-

ume of organic cations. In fact, after the organic cations inter-

calated into the galleries, the d� spacings showed an increase

from 1.48 nm in MMT to 1.61, 1.80, and 1.88 nm in C12, C16,

and C18/MMT, respectively [Figure 1(A), Table I]. As expected,

d� increased with alkyl chain length. A higher d� (2.05 nm) was

showed by ODTA/MMT.

In order to know the state of the clay after the modification,

the amount of the various surfactants present in the modified

clays was determined by TGA and elemental analyses. TGA and

DTGA (in static air atmosphere) of organically modified clays

are showed in Figure 1(B,C), respectively. The amount of sur-

factants was determined from TGA following what reported in

literature,36 and the values were compared with the ones

obtained from the nitrogen determination done by elemental

analysis. The results of both determinations were in good agree-

ment and showed in the modified clays the following concentra-

tions of surfactants: 91, 64, 58, 63 meq/100g clay in ODTA, C12,

C16, and C18/MMT, respectively.

The prepared PMMA/o-MMT contained 3 wt % of C12/MMT

(PMMA/C12/MMT), 3 wt % of C16/MMT (PMMA/C16/MMT),

and 3 wt % of C18/MMT (PMMA/C18/MMT) respect to

PMMA weight. Moreover, as terms of comparison, we prepared

a PMMA nanocomposite (PMMA/ODTA/MMT) using 3% of

the MMT modified with a standard alkylammonium salt

(ODTA) and a microcomposite obtained polymerizing MMA in

the presence of 3% of pristine MMT (PMMA/MMT). XRD pat-

terns of the nanocomposites are showed in Figure 2 and their

interlayer spacings are listed in Table I.

The shift of the diffraction peak from the d� value of 1.88 nm

for the C18/MMT to the d value of 4.10 nm for the correspond-

ing nanocomposite indicates that the PMMA chains are interca-

lated among the layers of silicate. The PMMA/C12/MMT and

PMMA/C16/MMT present diffraction peaks corresponding to

3.68 nm and 3.18 nm, respectively, that are higher than the

ones observed by C12/MMT and C16/MMT (1.61 nm and

1.80 nm, respectively). It is important to note that the imidazo-

lium surfactants used to modify the MMT (C12, C16, and C18)

present in their structure a vinyl group and it is expected that

Table I. Interlayer d� Spacings, Decomposition Temperature at 5 and 10% Weight Loss (Td5 and Td10), Molecular Weights, and Polydispersion Coeffi-

cient of Pristine MMT, o-MMTs, and their Nanocomposites

Sample d� (nm) Td5 (�C)a Td10 (�C)a Mn (x1024) Mw (x1024) dc 5 Mw/Mn

MMT 1.48 353 607 – – –

ODTA/MMT 2.05 251 272 – – –

C12/MMT 1.61 423 564 – – –

C16/MMT 1.80 370 501 – – –

C18/MMT 1.88 354 474 – – –

PMMA BP – 255 274 39.60 48.24 1.22

PMMA/MMT BP 1.67 250 274 39.97 49.64 1.24

PMMA/MMT/ODTA BP 4.01 257 292 44.86 54.16 1.21

PMMA/C12/MMT BP 3.68 249 291 26.14 33.38 1.28

PMMA/C16/MMT BP 3.18 251 291 31.58 39.50 1.25

PMMA/C18/MMT BP 4.10 299 319 41.13 50.69 1.23

PMMA/MMT/ODTA SB – 287 307 44.86 54.16 1.21

PMMA/C12/MMT SB – 291 308 26.14 33.38 1.28

PMMA/C16/MMT SB – 292 312 31.58 39.50 1.25

PMMA/C18/MMT SB – 297 321 40.80 51.98 1.27

a Determined in nitrogen.

Figure 2. XRD patterns of PMMA/C12/MMT, PMMA/C16/MMT, PMMA/

C18/MMT, PMMA/ODTA/MMT, and PMMA/MMT.
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some polymerization will occur on this cations, while ODTA

will not be able to react by this way. In fact, by observing the

Figure 2, it could be noted that the nanocomposites containing

the vinyl imidazolium cations show weaker and broader peaks

as compared with the one showed by the ODTA containing

sample. This result suggests that the vinyl containing clays may

lead, in the formation of PMMA nanocomposites, to some

mixed intercalated/exfoliated structure.14,15

TEM

TEM was used to examine the phase morphology of nanocompo-

sites. TEM micrographs of the ultra thin-section of PMMA/C12/

MMT are displayed in Figure 3. In the micrographs, the parallel

dark lines represent the intersection of the MMT layers, while the

gray part represents the PMMA matrix. The images show that

lamellar nanocomposite has a non-uniform morphology with a

heterogeneous distribution of silicate layers in the PMMA matrix.

Some large tactoids dispersed in the polymer matrix can be iden-

tified [Figure 3(A)218,0003]. Moreover, the high-magnification

image [Figure 3(B)230,0003] of the nanocomposite shows

stacks containing parallel oriented layers with various degree of

intercalation. On the contrary, the Figure 3(C) (48,0003) shows

individual silicate layers along with two, three, and four layer

stacks, which are exfoliating in the PMMA. In fact, in these area,

the individual silicate sheets are separated by mean distance d of

6 nm. This value indicates a ratio between d and d� of 3.7 that

being more than 3 confirms the existence of exfoliated zones.14

In addition, in the high-magnification micrographs [Figure 3(D)

60,0003] is possible to observe that the original aggregates of the

primary particles are disrupted and individual untidy silicate

layers are distributed in the polymer matrix generating an exfoli-

ating area. Concluding, we can affirm that the PMMA/C12/MMT

has mixed intercalated/exfoliated nanomorphology.

Various TEM images of the PMMA/C18/MMT are shown in Fig-

ure 4. Also in this case, the sample has an unhomogeneous

nanomorphology. The figures show both a larger view, [Figure

4(A)218,000X] in which is possible to note tactoids dispersed

in the polymer matrix and higher magnifications that allow the

individuation of discrete clay layers [Figure 4(B)224,0003, Fig-

ure 4(C)236,0003, and Figure 4(D)260,0003]. These images

show that also the PMMA/C18/MMT structure appears to be

mixed intercalated/delaminated.

In any case, at the end of this section, a word of caution has to

be spent on the information obtained. XRD and TEM are effec-

tive tools, but they are limited in that they only probe a small

volume of the sample. Then from these analyses, it is difficult

to draw conclusions on the degree of intercalation, exfoliation,

and dispersion. We have already shown7,37 that TGA study of

kinetic parameters of degradation process is an effective method

to obtain information on the degree of exfoliation and then we

carried out this kind of study, following the procedure described

in those papers, whose results are discussed at the end of next

section.

Figure 3. TEM microphotographs of PMMA/C12/MMT.
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Thermal Degradation

In bulk processing of nanocomposites, elevated temperatures are

usually required, so the thermal stability of the organic surfactants

used to modify the MMT plays a fundamental role. It is well

known that the commonly used ammonium cationic surfactants

undergo Hoffman thermal degradation in the temperature range

of 150–300�C and present poor thermal stability. To solve this

problem, we prepared MMTs organically modified with thermally

stable imidazolium surfactant and we compared their thermal sta-

bility (studied by TGA) with the one of the o-MMTobtained using

a conventional ammonium cationic surfactant (ODTA/MMT).

Considering the temperature of decomposition as the temperature

at which the residue percentage reaches 90% (Td10) with respect to

the initial weight, the results show an increase of Td10 in nitrogen

of 292�C, 229�C, and 202�C (for C12, C16, and C18 /MMTs, respec-

tively) as compared with ODTA containing MMT (Table I).

The o-MMTs were used to prepare a series of PMMA nanocompo-

sites. The thermal stability of nanocomposites was studied by TGA

(Table I). The TGA and DTGA curves are displayed in Figure 5.

First, the results show an increase of Td10 (18�C) in the PMMA/

ODTA/MMT sample as compared with pure PMMA and with

PMMA/MMT microcomposite. This is obviously due to the for-

mation of an intercalated nanocomposite in the former case and is

in agreement with what is reported in literature. In fact, in

PMMA/o-MMT nanocomposites the intercalation of PMMA

chains between the silicate layers is enhanced by the strong polar

interaction developed between the oxygen groups of the silicate

and the oxygen groups of PMMA.38,39 Moreover, it is reported35

that the enhanced thermal stability of PMMA intercalated within

the clay is due to both the difference of chemical structure and

restricted thermal motion of polymer chains in the silicate inter-

layer. On the contrary, in conventional composites obtained using

pristine MMT, the PMMA chains cannot enter in the narrow

interlayer of hydrophilic silicate and consequently the strong inter-

actions, present in nanocomposite, are absent.

Comparing the decomposition temperatures in nitrogen of

PMMA/C18/MMT and PMMA/ODTA/MMT, we observed an

increase of the Td10 of 27�C for the nanocomposite containing

the imidazolium surfactant. This result could be due to a higher

polymer molecular weight in the PMMA/C18/MMT and/or to a

better surfactant thermal stability and/or a higher degree of

exfoliation. Because, from the GPC measurements, the PMMA

Mws in the two nanocomposites are similar (50.69 3 104 and

54.16 3 104, respectively, Table I), we can conclude that the

higher thermal stability of the delocalized imidazolium cation

(Table I) and a higher degree of exfoliation confer an improve-

ment of thermal properties to imidazolium cation-containing

nanocomposite. The Td10 values of PMMA/C12/MMT (291�C),

PMMA/C16/MMT (291�C), and PMMA/ODTA/MMT (292�C)

can be explained taking into account two contributions:

difference in Mws and nanomorphology. The PMMA Mws in

PMMA/C12/MMT and PMMA/C16/MMT (33.38 3 1024 and

Figure 4. TEM microphotographs of PMMA/C18/MMT.
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39.50 3 1024, respectively) are lower than the PMMA/ODTA/

MMT Mw (Table I). This trend, due to the predominant Mw

influence on thermal stability of PMMA nanocomposites, can

be used to rationalize the small differences among the Td10 val-

ues of samples reported in Table I. Moreover, these results can

be explained in terms of similar nanomorphologies of the sam-

ples. In this case, the achievement of the same degree of exfolia-

tion can be explained considering that, during the

polymerization reaction, the molecules of MMA are able to

more easily enter inside ODTA/MMT galleries (2.05 nm) that in

those of C12/MMT (1.61 nm) and C16/MMT (1.80).

To confirm this hypothesis, we determined, in nitrogen atmos-

phere, the apparent activation energy (Ea) of the degradation

process of some of our samples. As already mentioned, we have

shown7,37 that the comparison of the Ea values of samples hav-

ing the same matrix is an useful, relatively cheap tool to draw

conclusion on the state of the clay nanodispersion. The results

of the Ea determination are reported in Table II.

The trend showed by the Ea values confirms that PMMA/C18/

MMT obtained by bulk polymerization (BP) sample has the higher

degree of exfoliation that determines an increase of the apparent

activation energy (188 kJ mol21), about 20% higher than pure

PMMA BP (156 kJ mol21). The other BP samples have Ea values

higher than PMMA and close to each other (in the range 166–169

kJ mol21) as the result of a lower degree of exfoliation.

As a further confirmation of thermal property dependence from

nanomorphology these last samples have undergone a process

of solution blending (SB). Comparing sample PMMA/ODTA/

MMT SB to PMMA/ODTA/MMT BP, the thermogravimetric

data (reported in Table I and Figure 6) show an increase in the

value of Td5 and Td10 of 30 and 15�C, respectively. Furthermore,

by comparing the decomposition temperatures in nitrogen of

PMMA/C12/MMT BP and PMMA/C16/MMT BP with corre-

sponding samples obtained from SB is observed an increase of

the values of Td5 (of 42 and 41�C, respectively) and Td10 (of

17�C and 21�C, respectively). Figure 6 shows the TGA curves of

some nanocomposites prepared by BP and SB.

Comparing the Ea values of BP and SB samples, it is evident that

SB samples exhibit a better thermal stability because of their

higher degree of exfoliation compared to BP samples. In fact,

while PMMA/C18/MMT SB shows a slightly increase of Ea with

respect to PMMA/C18/MMT BP (from 188 to 195 kJ mol21), the

other SB samples show a more marked enhancement (e.g., in the

case of PMMA/C16/MMT from 167 to 188 kJ mol21). It is likely

that the solvent molecules entering within the galleries of the o-

MMT facilitate the polymer chain insertion between the layers of

the phyllosilicate, and, therefore, the exfoliation process.

DMA and Nanoindentation Measurements

The nanomorphology influences mechanical performance also.

To confirm this, we carried out on some of our samples DMA

measurements to determine elastic storage modulus and Tg

(through the tan d maximum) and nanoindentation measure-

ments to determine elastic modulus and hardness.

It is important to take into account that the results of DMA

and nanoindentation measurements often do not agree well

with those obtained from mechanical testing methods.40 In

most cases, the elastic storage modulus measured by DMA is

utilized only for screening the material properties for the pur-

poses of quality control, research and development of optimum

processing conditions. However, the values relative to a native

PMMA are in good agreement with those reported in the litera-

ture (Young’s modulus 1.8–3.1 GPa).41

The obtained data (Figure 7 and Table III) show that the measured

properties are influenced by the degree of dispersion of the nano-

platelet into the PMMA matrix. In fact, among the BP samples,

the higher values of elastic modulus have been obtained for the

PMMA/C18/MMT BP (2.47 GPa from DMA and 4.09 from nano-

indentation) while for pure PMMA the values are 1.87 and 1.83

GPa, respectively. Beside to the elastic modulus increase, an signif-

icant enhancement of hardness has been detected (from 0.48 GPa

for PMMA to 1.57 GPa) in PMMA/C18/MMT BP. The microcom-

posite PMMA/MMT BP shows the lower increase of the measured

properties, while the other nanocomposites, which have a similar

nanodispersion degree of the MMT layers, show modulus and

hardness very close. Concerning Tg’s, while the microcomposite

has a Tg (127�C) slightly lower that PMMA (129�C), all the other

BP samples show a higher Tg, in the range 131–138�C, in some

way proportional to exfoliation degree.

Figure 5. TGA and DTGA curves under flowing nitrogen of PMMA/ODTA/MMT BP, PMMA/C18/MMT BP, PMMA/C16/MMT BP, PMMAC12/MMT BP,

PMMA BP, and PMMA/MMT BP.
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The SB treatment, promoting a solvent driven exfoliation, would

have produced a further improvement of properties, and this is what

we observed. In fact, all the detected values of elastic modulus, hard-

ness and Tg for the SB samples are higher than BP ones, with the

PMMA/C18/MMT SB showing again the higher values (Table III).

CONCLUSIONS

In conclusion, among the nanocomposites obtained by BP higher

thermal stability and better mechanical properties were recorded

Table II. Apparent Activation Energy (Ea) of Pure PMMA, BP, and SB Nanocomposite

Sample

Tmax (�C)a at the given heating rate (�C min21)

Ea (kJ mol21)a2 5 7.5 10 12.5 15 17.5 20

PMMA BP 288 304 310 315 319 322 325 327 156

PMMA/MMT/ODTA BP 345 358 365 372 378 382 385 387 166

PMMA/C12/MMT BP 340 357 367 372 375 378 380 382 169

PMMA/C16/MMT BP 343 359 365 375 378 381 383 385 167

PMMA/C18/MMT BP 346 359 365 372 376 379 384 386 188

PMMA/MMT/ODTA SB 346 359 366 373 377 381 383 385 182

PMMA/C12/MMT SB 345 358 366 371 374 379 381 384 187

PMMA/C16/MMT SB 347 360 367 374 377 380 383 386 188

PMMA/C18/MMT SB 348 360 367 373 375 379 383 386 195

a Determined in nitrogen.

Figure 6. TGA and DTGA curves under flowing nitrogen of PMMA/ODTA/MMT BP, PMMA/C16/MMT BP, PMMA/C12/MMT BP, PMMA/ODTA/MMT

SB, PMMA/C16/MMT SB, and PMMA/C12/MMT3 SB.

Figure 7. Storage modulus, loss modulus, and tan d as a function of tem-

perature for sample PMMA/C18/MMT BP.

Table III. Elastic Storage Modulus and Tg (Determined by DMA), Elastic

Modulus and Hardness (Determined by Nanoindentation) of BP and SB

Nanocomposites at 30�C

Sample

Elastic
storage
modulus
(GPa)a

Tg

(�C)a

Elastic
modulus
(GPa)b

Hardness
(GPa)b

PMMA 1.87 129 1.83 0.48

PMMA/MMT BP 2.05 127 3.14 1.15

PMMA/ODTA/MMT BP 2.17 134 3.45 1.22

PMMA/C12/MMT BP 2.12 131 3.41 1.20

PMMA/C16/MMT BP 2.15 134 3.48 1.25

PMMA/C18/MMT BP 2.47 138 4.09 1.57

PMMA/ODTA/MMT SB 2.45 144 3.65 1.45

PMMA/C12/MMT SB 2.33 143 3.29 1.43

PMMA/C16/MMT SB 2.47 144 3.90 1.40

PMMA/C18/MMT SB 3.09 146 4.48 1.83

a Data determined by DMA measurements.
b Data determined by nanoindentation measurements.
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in the PMMA/C18/MMT BP sample, while the nanocomposites

prepared from modified clays with the cations C12, C16, and

ODTA show similar performances among them. These results are

attributed to a higher degree of exfoliation in the sample PMMA/

C18/MMT BP. Unfortunately from XRD and TEM, data were not

possible to obtain definitive and quantitative information on the

degree of exfoliation, but kinetics study of the degradation process

(through the Ea determination) confirms the influence of degree

of exfoliation on thermal stability. Moreover, the fact that all of

the nanocomposites obtained from SB exhibit thermal degrada-

tion temperatures higher than the corresponding samples

obtained via BP, and very close to PMMA/C18/MMT BP, further

supports the hypothesis that exfoliation degree is the main factor

determining the best thermal properties. The greater thermal sta-

bility of exfoliated nanocomposites compared to microcomposites

or nanocomposites with intercalated structure is due to a barrier

effect played by the layers of the phyllosilicates. In the SB process

solvent molecules, due to the nature of the organophilic surfac-

tants, are able to penetrate within the galleries of the o-MMT

favoring the separations between the layers and, consequently, the

formation of exfoliated structures. The consequent enhancement

of the nanofiller dispersion produces a further increase in nano-

composite performances.
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